P olycystic kidney diseases (PKD) are a group of inherited nephropathies marked with progressive formation of fluid-filled cysts along the nephron. Autosomal recessive form of PKD (ARPKD) has an incidence of 1:20,000 to 1:40,000 and is characterized by a high mortality rate in early life (1) . The cysts in ARPKD are formed by dilated collecting ducts (CD) that remain contiguous with the nephron, allowing urine to flow through the collecting duct system (2) . Within this segment, Na + is transported from the luminal space into principal cells through the apical epithelial Na + channels (ENaC) and is extruded through the basolateral membrane in exchange for uptake of K + by Na/K-ATPase. Proper ENaC function in the CD is the rate-limiting step for sodium reabsorption, which ultimately regulates renal sodium homeostasis and blood pressure (3, 4) . Disturbances of transtubular electrolyte and fluid transport are the central contributors to the process of cystogenesis (5) . ENaC dysfunction associated with improper handling of NaCl has been demonstrated in renal epithelial cells from animal and human ARPKD cell lines (6) (7) (8) (9) . However, conflicting data have been reported, and it is still unclear how ENaC-mediated sodium transport in the CDs contributes to the development of cysts. In this study, we focused on the role of ENaC-mediated sodium reabsorption in the orthologous PCK rat model of ARPKD (PCK/CrljCrl-Pkhd1pck/CRL) (10) . A combination of electrophysiological, histochemical, and chronic studies in vivo and ex vivo was used here to investigate how ENaC contributes to the development of ARPKD.
RESULTS

Role of ENaC-Mediated Sodium Transport in the Development of Cysts
Amiloride and its derivatives (e.g., benzamil) have long been used as potassium-sparing diuretics that block sodium reabsorption through ENaC and thus have potent antihypertensive effects, especially in such states of ENaC activation as in Liddle's syndrome (4) . Here, we used PCK rats to investigate the effects of benzamil at different stages of the disease to determine whether ENaC inhibitors modulate cyst formation. Benzamil (15 mg/l) was administered in drinking water to 4-wk-old PCK rats for either 4 or 12 wk. As demonstrated by our data, benzamil aggravates cyst formation in PCK rats (Figure 1) . After 4 wk of treatment, kidney/body weight ratio was not different between the groups, whereas by week 12 benzamil-treated rats developed severe renal hypertrophy as measured by kidneys/ total body weight ratio. Cyst progression in benzamil-treated rats was significantly higher than that in the control groups after both 4 and 12 wk of treatment. Therefore, we conclude that ENaC-mediated sodium absorption plays a critical role in cystogenesis in ARPKD.
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Furosemide, a loop diuretic which acts through inhibiting NKCC2 activity in the thick ascending limb, was used to test if the enlargement of cysts was specific to ENaC inhibition. In this work performed in independent groups of animals, we observed relatively higher cyst size in control groups compared with the control group of the previous experiment. Most likely, this difference is due to variability of phenotype between breeder families. However, the animals were distributed between control and experimental groups randomly and statistically, control cyst area values in benzamil and furosemide experiments were homogeneous. Since we did not compare them, we decided that the effect of furosemide can be evaluated as an independent experiment, although we realize that individual background of these litters could affect sensitivity to furosemide. As shown in Figure 2 , treatment with furosemide (15 mg/l) given in drinking water neither produced any changes in the rate of cyst progression, nor did it change the kidney/body weight ratio. Therefore, we showed that this effect is specific to inhibition of ENaC, supporting the idea that this channel is an important participant of the CD dilation mechanism in the ARPKD.
ENaC and Aquaporin-2 Abundance in PCK Rat Kidneys
To test if there is abnormal salt and water reabsorption in cystic epithelium, we initially characterized expression of β-ENaC subunit and aquaporin-2 (AQP2) water channel in the PCK rats. Immunohistochemical analysis was carried out on the 16-wk-old PCK rats to show protein localization and distribution in the kidney. The experiments revealed that the expression of β-ENaC and AQP2 was significantly lower in cystic compared with noncystic tubules (Figure 3) . Also, intracellular distribution of signal in the cystic epithelium was more diffused, polarity of the protein localization was disturbed, visual difference between primary and intercalated cells was indistinct, and the epithelial layer seemed dedifferentiated. Thus, we hypothesized from these data that in the cysts ENaC and AQP2 expression and activity are abnormally downregulated, and this subsequently leads to fluid accumulation. An additional study revealed that the 12-wk benzamil treatment did not change the expression and distribution of ENaC, only blocking ion permeation through the channel (Figure 4) . Articles Pavlov et al.
ENaC Activity in Cystic Epithelia
Next, evaluation of ENaC activity was performed with singlechannel patch-clamp analysis of CDs epithelium freshly isolated from 16-wk-old PCK and Sprague-Dawley (SD) rats. PCK strain was originally derived from a spontaneous mutation in SD rats (10); therefore, SD rats represent an appropriate additional control for comparison to PCK rats. Cystic epithelial layers and noncystic CDs were manually isolated from the kidneys and split open so that the apical membrane of the principal cells was available for cell-attached seals on the membrane. This approach enabled us to directly monitor ENaC single channel activity in real time. Figure 5a shows single-channel ENaC recordings in the CDs isolated from SD rats and nondilated and cystic tubules of PCK rats. Data summarized in Figure 5b clearly indicate that ENaC activity is much lower in the cyst compared with the nondilated tubules of PCK rats and CDs isolated from SD rats. Similarly, Veizis et al. (7) showed decreased ENaC-mediated sodium reabsorption in the CD principal cells isolated from Balb/c polycystic kidney (BPK) mice (a model for ARPKD) and hypothesized that such reduction in sodium transport contributes to accumulation of luminal fluid in PKD cysts.
DISCUSSION
Processes that trigger formation of PKD cysts remain in focus of many researchers. Cyst initiation and expansion is a complex process characterized by abnormalities in tubular 
Role of ENaC in ARPKD
Articles cell proliferation, fluid secretion, extracellular matrix formation, apical or basolateral membrane-specific distribution of various proteins, and imbalance between cellular proliferation and apoptosis (1) . We investigated impaired sodium reabsorption in the dilated CDs, a new mechanism that contributes to cyst growth. Earlier Rohatgi et al. (11) analyzed cyst fluid composition from ARPKD nephrectomy specimens at the time of renal transplantation, revealing a low Na + concentration and osmolality similar to that of serum.
The authors hypothesize that ARPKD cysts are not secretory epithelia, and the low Na + concentration could be explained by enhanced CD Na + absorption or intact Na + absorptive pathways upstream of the dilated CD. The current study investigated if ENaC-mediated sodium reabsorption in the cyst wall is altered and involved in cyst progression. Our experiments revealed that dilated tubules exhibit low activity and abundance of such important proteins for proper reabsorption as ENaC and it leads to fluid accumulation in Figure 3 serve as additional indirect evidence of impaired fluid reabsorption in the cystic epithelium; however, further studies are required to speculate on the specific mechanism. Treatment with benzamil confirms that blockade of ENaC-mediated sodium reuptake in the nephron aggravates cyst formation. Furosemide, a loop diuretic inhibiting NKCC2 transporters, had no effect on cyst expansion, indicating that improper sodium reabsorption, specifically via ENaC, is critical for these CD malformations.
Molecular mechanisms involved in the reduced ENaC activity in cystic epithelium require extensive studies to determine potential therapeutic targets. A large panel of research is focused on identification of epidermal growth factor family proteins as important signaling molecules in the development of ARPKD (9, (12) (13) (14) (15) (16) (17) and other childhood diseases (18) . It was recently shown that TRPP2 and TRPV4 form an epidermal growth factor-activated calcium-permeable channel at the apical membrane of renal CD cells, and this pathway may play a role in PKD (19) . Previous data reveal that epidermal growth factor chronically downregulates ENaC activity in vitro (20, 21) and in vivo (22) . Epidermal growth factor receptors' signaling is abnormal in the cystic CDs, and this could potentially contribute to the ENaC-dependent cysts progression in ARPKD (12) . Another mechanism that might potentially lower ENaC activity in dilated CDs is mediated via purinergic signaling. It is well established that ATP decreases ENaC activity in CD principal cells via P2Y 2 receptors (23). Extracellularly, PKD cysts accumulate up to 10 µmol/l of ATP (24, 25) , which is unusually high compared with healthy kidney interstitial ATP levels (400 nmol/l) (26) . Growing evidence suggests that autocrine and paracrine effects of purinergic signaling via P2 receptors could detrimentally contribute to cyst expansion (27) (28) (29) ; P2 receptors antagonists were shown to have therapeutic potential in PKD (27) .
Findings reported here are of clear clinical significance, as the deteriorative effects of benzamil on cyst formation should be taken into consideration during selection of diuretics for ARPKD treatment. However, it is unclear whether this mechanism is specific for ARPKD or common for other forms of PKD. Thus, role of ENaC in ADPKD requires further studies. Furthermore, understanding the linkage between electrolytes and water excretion is important in evaluating any potential medication for PKD treatment. For example, vasopressin receptor antagonists demonstrated high promise in the treatment of PKD (30) , and it is known that vasopressin signaling is critical for control of water electrolyte homeostasis including ENaC-mediated sodium absorption. For instance, it was recently shown that adenylyl cyclase VI, which is a key mediator of cyst formation and renal injury (31) , mediates vasopressin-stimulated ENaC activity (32) . In summary, our study provides the evidence demonstrating critical role of ENaCmediated signaling mechanisms in the development of cysts in ARPKD. Thus, agonists of ENaC or signaling molecules involved in appropriate regulation of ENaC-mediated sodium balance could be potential targets for treatment of PKD.
METHODS
Animals
PCK and SD rats were purchased from Charles River (Wilmington, MA). At the age of 4 wk (right after weaning), PCK rats were given 15 mg/l benzamil (Sigma-Aldrich, St Louis, MO), 15 mg/l furosemide (Sigma-Aldrich), or vehicle in drinking water (ad libitum). After 4 or 12 wk of treatments, the rats were killed, and their kidneys were collected to perform histological and patch-clamp analyses. Animal use and welfare procedures adhered to the National Institutes of Health Guide for the Care and Use of Laboratory Animals following protocols reviewed and approved by the Medical College of Wisconsin Institutional Animal Care and Use Committee.
Histological and Immunohistochemical Analyses
Isolated kidneys were fixed in 40% formalin and routinely embedded, cut at 4-μm slices, dried, and deparaffinized for subsequent histochemistry. Hematoxylin and eosin staining was used to assess kidney morphology. The kidney slices were scanned with Nikon (Melville, NY) Super CoolScan 9000 interfaced with NikonScan 4 software. Further analysis of cyst area was performed using color threshholding method using Metamorph (Molecular Devices, Sunnyvale, CA) software as previously described (33) . For immunohistochemistry, tissue sections were incubated with anti-β-ENaC antibodies (StressMarq, Victoria, Canada) or anti-AQP2 antibodies (Santa Cruz Biotechnology, Dallas, TX). Secondary detection was performed with goat antirabbit biotinylated IgG (Biocare, Concord, CA) followed by streptavidin horseradish peroxidase (Biocare) and visualized with DAB (DAKO, Carpinteria, CA). All slides were counterstained with a Mayer hematoxylin (DAKO), dehydrated, and mounted with permanent mounting media (Sakura, Torrance, CA).
Captured images were analyzed with ImageJ software (National Institutes of Health, Bethesda, MD) to measure signal intensities (arbitrary units, ranged from 0 to 255) in tubules and cysts. Intensities from 7-18 individual tubules or cysts were collected from each animal; total number of animals per group was three.
Electrophysiology
Patch-clamp analysis was used to assess ENaC activity in isolated split-open cystic epithelia or nondilated CD tubules. CDs from SD rats, cystic epithelia, and noncystic CDs from PCK rats were manually isolated with forceps in ice-cold saline under a stereomicroscope. CD-derived cyst monolayers were gently teased from open cyst cavities in kidney slices from PCK rats and further mechanically separated from surrounding tissue. Isolated tissues were attached to 5 × 5 mm cover glass coated with poly-l-lysine (Sigma-Aldrich). CDs were opened with two sharpened micropipettes controlled with micromanipulators to gain access to the apical membrane. Single-channel data were acquired and subsequently analyzed with Axopatch 200B or 700B amplifiers interfaced via a Digidata 1440A to a PC running the pClamp 10.2 suite of software (Molecular Devices). When signals are acquired with an Axopatch 200B amplifier, currents were filtered with an 8-pole, low-pass Bessel filter LPF-8 (Warner Instruments, Hamden, CT) at 0.2 kHz. The pipette was pulled with a P-97 puller (Sutter, Novato, CA). The resistance of the pipette in the corresponding bath medium was 7-12 megOhms. Bath solution consisted of (in mmol/l): 150 NaCl, 1 CaCl 2 , 2 MgCl 2 , and 10 HEPES (pH 7.4). Pipette solution for cell attached configuration contained (in mmol/l): 140 LiCl, 2 MgCl 2 , and 10 HEPES (pH 7.4). Gap-free single-channel current data from gigaOhm seals in principal cells were acquired and subsequently analyzed. The channel events were analyzed by Clampfit 10.2 software (Molecular Devices) as previously described (22) . Channel activity was calculated as NPo where N refers to the number of channels in the patch and Po characterizes their open probability.
Statistical Analysis
All data are presented as mean ± SEM. The data were analyzed using a t-test and Mann-Whitney U-test. P < 0.05 was considered to indicate a statistically significant difference.
